INTRODUCTION
An electric vehicle (EV) uses one or more electric motors for its propulsion. The source of the electricity may be an on-board storage device (battery, flywheel, capacitor, etc.), on-board electrical generator (combustion engine, fuel cell) or an external power generator. The general term EV covers battery (full) electric cars BEV (FEV), plug-in hybrids PHEV and range-extenders EREV, scooters, motorcycles, trains, boats, bicycles etc. However, in this article EV refers only to the group of FEV electric cars. EVs powered by on-board batteries are expected to become common place over the next one to two decades. Almost all major car manufacturers have already presented an EV concept. Some of them are already selling EVs in selected markets. The production of EVs receives significant support from governments due to the ever increasing demand for reducing the exhaust gas emissions and fossil fuel consumption of passenger car internal combustion engines (ICE). The advantage of electric energy is that it can be generated from a wide range of sources, such as fossil fuels, nuclear power or renewable energy sources. It has to be mentioned that the wellto-wheel efficiency of EVs is strongly determined by the quality of the initial energy. However, on-board emissions of a battery powered EV are zero and the overall tank-to-wheel efficiency of an EV powertrain is much higher than the efficiency of an ICE or hybrid powertrain [1] . The greatest limiting factor of EVs is the battery. Although battery technology has made great progress during the last decade, batteries are still far away from being able to compete with fossil fuels in the measure of stored power to weight ratio ( Figure 1 ). This leads to a significantly lower drive range of EVs compared to conventional vehicles [1] . Unless we assume that battery technology will improve dramatically over the next few years, it is necessary to further reduce power losses in the otherwise highly efficient electric powertrain. A lot of energy may be saved by the careful evaluation and optimization of the powertrain and the entire vehicle during the design stage. Further energy may be saved by intelligent control of energy flows in the powertrain. The target should be to regenerate as much energy by braking as possible and to run the traction motor (motors) with the lowest possible power losses. The most efficient way to improve the powertrain and its control strategy in the design stage is the simulation approach. This article describes the capabilities of a self-designed powertrain simulation tool to evaluate the influence of particular powertrain components and control strategies on the overall powertrain efficiency and energy consumption. The simulation tool (RideSim [2] , [3] ) is in fact a library of custom Matlab/ Simulink blocks that mathematically represents powertrain components with a multi body simulation (MBS) approach. The RideSim library is capable of covering various conventional and alternative powertrain layouts. This article demonstrates the use of RideSim to optimize the control strategy of an allwheel drive electric powertrain with two traction motors.
STATE OF THE ART
An EV powertrain is in general less complicated than the ICE powertrain. It generally consists of a battery (or other energy source), one or more traction motors, gearboxes with fixed or variable gear ratio, differentials, clutches and wheels. The EV powertrain may be two-wheel drive or all-wheel drive. Twowheel drive powertrains are cheaper, but do not offer the possibility of recuperating the maximum amount of energy during regenerative braking, because it is usually not possible to efficiently brake with only one axle. The all-wheel drive layout has the advantage of optimal traction during acceleration and braking, and offers the possibility of using two different motor types or sizes and efficiently distributing the power between them. A smaller motor at the front axle might be used for lower power demands, whilst the bigger motor accelerates the vehicle and runs the vehicle at higher loads. The small size of the motors makes it possible to run each wheel with a separate motor and use the benefits of torque vectoring. However, this layout decreases the ride comfort due to the increased unsprung mass and its efficiency is also poor.
BATTERIES
Batteries are currently the most expensive and also the weakest part of an EV. There are several battery types that might be used in EV powertrains. This section gives basic information about the three most commonly used battery types in EVs [4] . Early powertrains used heavy lead-acid batteries due to their low cost, mature technology and high availability. The disadvantage of lead acid batteries is that they should not be discharged below 50 % of their capacity or their lifetime quickly decreases. Their weight is also a limiting factor for future EVs (30-40 Wh/kg). Nickel metal hydride (NiMH) batteries are also considered to be a mature technology. NiMH offer higher energy density (30-80 Wh/kg) compared to lead acid at the cost of lower charging/ discharging efficiencies. Further disadvantages are high self-discharge and poor performance in cold conditions. Lithium-ion batteries are widely used in the new generation of EVs. Their biggest advantages are high energy density and the absence of memory effect. On the other hand, lithiumion batteries suffer from short cycle lives and more significant degradation with age compared to other battery types.
ELECTRIC MOTORS
Electric motors offer a much better torque over rpm characteristic for vehicle propulsion in comparison to ICE. The shape of their full load curve allows the motor to run with a constant gearbox ratio without the use of a clutch. However, multi ratio gearboxes might also be used in EV powertrains to optimize the operating point position over the whole operating range of the vehicle. This chapter describes the elementary differences between asynchronous (ASM) and synchronous (SM) motors that are relevant to this article. Both ASMs and SMs need a power electronic for their control. This power electronic is also a source of additional power losses that are speed and load dependent. An ASM is powered with AC current. The stator of an induction motor consists of poles carrying supply current to induce a magnetic field that penetrates the rotor. There are several possible designs of rotor, but the most common is the squirrel cage rotor made up of skewed bars of copper or aluminum that span the length of the rotor. Its speed is controlled by the frequency of the supply current that powers the stator and creates a rotating magnetic field. The rotor has windings in the form of closed loops of wire. Currents in the rotor windings are induced by the rotating magnetic flux in the stator in a manner similar to currents induced in a transformer's secondary windings. The magnetic field generated in the rotor by these currents pushes against the stator field. The rotor rotates in the direction of the rotating stator magnetic field to minimize the relative speed between rotor and stator magnetic fields. Slip is the rotation rate of the magnetic field relative to the rotor, divided by the absolute rotation rate of the stator magnetic field. Slip determines the torque of the engine and is minimal at low load. An ASM offers a more mature and cheaper technology compared to a SM. The overall efficiency of an ASM is lower than for a SM, especially at low speeds. The ASM rotor runs with zero slip during drag operation (zero load demand) and thus only a minimal current is induced due to the friction. The ASM power losses are therefore significantly smaller in drag mode compared to a SM. A SM has the same stator design as an ASM. The rotor of a SM for most common EV applications consists of permanent magnets that are embedded in the solid steel rotor to create a constant magnetic field. This type of SM is called a permanent magnet synchronous motor (PSM). The rotor turns at the same rate as the stator magnetic field and thus runs with zero slip. In comparison with an ASM, a PSM offers higher efficiency over a major part of its operating range at the cost of higher power losses during motored operation. PSMs are therefore often connected with a clutch to the rest of the powertrain in order to eliminate these motoring losses. Further disadvantages of PSMs are higher cost and limited resources of permanent magnet materials. A comparison of the best efficiency areas of PSMs and ASMs is shown in Figure 2. 
SIMULATION TOOL
Simulation models can generally be performed with different scopes and depths of accuracy. Simulation tools including mathematical modules for lateral and longitudinal dynamics have the highest level of physicality. On the other hand, more complex models lead to longer computational time, higher code complexity and more simulation input data are needed. For reasons mentioned above, a model including only the longitudinal vehicle dynamics is used in this case. The model is intended to be used for calculation of system forces/torques, system states of motion (velocities, positions) and overall energy consumption during a vehicle ride in a predefined cycle, such as the NEDC or Artemis. The simulation tool is built up in Matlab/Simulink of custom library blocks that represent particular powertrain components. It mathematically describes the behavior of the complete vehicle by the multi body system (MBS) approach. The MBS approach was chosen to describe the system for its relatively low computational time. Driveline components are modeled with rigid bodies linked with elements like springs and dampers. Distributed system properties such as mass, inertia, stiffness and damping are concentrated on mass elements (mass, inertia) and link elements (stiffness, damping). The system is then mathematically described with n differential equations (n degrees of freedom) that are solved by numeric integration algorithms in the time domain using Matlab/Simulink solvers. The basic function of the simulation tool will be described using the example of a powertrain that consists of motor, clutch, gearbox, differential, driveshaft, wheel and vehicle body. Most of the EV topologies may be simulated by combining these blocks.
POWERTRAIN
Each driveline shaft is modeled as a set of two constant inertias connected with a spring-damper element (Figure 3 ) [5] . Symbols used in Figure 3 are J (inertia), ω (angular velocity), T (torque), F (force), m (mass), v (velocity). The meaning of symbol indexes is clear from Figure 3 . The dynamics of the system in Figure 3 is described by a set of equations (1) in accordance with Newton's law [5] : 
TRACTION MOTOR
The traction motor is simplified to an ideal torque generator acting on a constant inertia that is connected via a rotor shaft to the clutch disk. The engine torque is limited by the full load curves for both motor and generator mode. Full load curves are realized by a look-up function that assigns the maximum motor or generator torque to the actual value of engine speed. Look up tables are also used to determine the power losses (motor efficiency) at specified speed and torque. The electrical power needed to run the motor is then calculated as the sum of mechanical power and actual power loss (3). loss m m loss mech el
The generator mode is calculated accordingly. The resulting motor efficiency is (4):
The motor power loss look-up tables might also be modified to efficiency look-up tables, but this results in complications with determination of power losses along the zero torque line.
CLUTCH
The clutch model is based on the Matlab demo example. However, it had to be significantly modified to fulfill the model demands. The clutch model assumes a stick-slip friction model. Different equations for clutch torque are used with locked (5) and unlocked clutch (6) . In the case of locked clutch, where ω c1 = ω c2 ^ |T c | ≤ T cM (F N ) [5] :
T cM (F N ) is the maximum transmissible torque and depends on the axial force that is applied to the clutch plate. The clutch is calculated as a coupled inertia when locked and as two inertias when unlocked. The state of the clutch thus changes the number of degrees of freedom of the system.
BATTERY
The Thevenin battery model is used to describe the battery behavior. It is an equivalent circuit battery model that simplifies the battery processes to a simple electronic circuit (Figure 4 ). It uses a capacitor to simulate the capacity C of the battery and resistors R to simulate the internal resistance of the battery. The following equations describe the battery according to the Thevenin model [6] : Discharging (7):
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Charging (8):
Where the battery current I b is (9):
All parameters may be entered as constants or as a function to better describe battery performance in relation to state of charge, rate of charge/discharge or temperature. Data must be measured or supplied by the battery manufacturers. The battery model also contains a simplified thermal model for a rough prediction of battery temperatures under load.
CONTROL
A simple driver model based on a PID controller is sufficient to precisely follow the NEDC demands. The demanded torque signal is addressed either to a single motor or divided between two power units. If the demanded torque exceeds the full throttle curve, then it is cut and the motor provides only the full throttle curve torque. The ratio of power load between front and rear motor can be either constant or may vary according to actual power demands. Simple logic is used to lock and unlock the clutch (if the clutch is included in the model). Usually the clutch will be opened during the motoring of PSM to eliminate its high losses at zero torque. Thus the clutch is opened if a zero torque demand is detected above a certain vehicle velocity at the corresponding motor. The general idea of effective power flow control between two or more motors is to distribute the power load between motors at a ratio that minimizes the total power losses. This approach is effective if two or more motors of different type and/or power are used in one powertrain. The following considerations are made for an all-wheel drive powertrain run by two motors. An embedded Matlab function for determination of the best power load distribution ratio is implemented in the simulation tool. This control function runs at each simulation time step and in a typical "for loop" interpolates the power loss look-up tables of both motors over a predefined range of load distribution ratios (0, 10, 20…100 % at the rear axle, the rest on the front axle). The input for the interpolation is the demanded power defined in the driver module and the output is an array of power losses for the particular motor at actual speed and various loads. Power losses of both motors are summed together and these summed power losses are then compared among each other. The function searches the power load distribution with minimal losses and applies this distribution to the simulation tool at the current time step. The interpolated power loss for unloaded motor is automatically overwritten to zero in the case of a powertrain with PSM that might be decoupled by a clutch. The optimization process fully respects the full load curves of the motors and does not violate them. The function may also run "offline". In this mode the driving cycle power demands are calculated with a 50-50 % load 
RESULTS
The optimization of power load distribution was performed on an example of EV topology with all-wheel drive powered by two motors, one for each axle. Both motors are equipped with a constant gear ratio gearbox, and alternately equipped with a clutch and differential that splits the power equally to the wheels. The gear ratios are the same for front and rear axle and all motor combinations. The criterion for gear ratio selection was the top speed of the vehicle 200 km/h at the maximum motor speed 18000 rpm. Four possible combinations of motor types were considered ( Figure  5 ): ASM/PSM, PSM/PSM with and without clutches, ASM/ASM. The set of plot results in the following section always contains a set of graphs for optimized and 50-50 % power load distribution. The graphs show the torque/rpm points in NEDC directly in efficiency maps of traction motors, thus it is obvious whether the motor mostly runs in a good or poor efficiency area. All motors were rated at 50 kW. Efficiency maps are scaled results of FEM simulations. Please note that the load distribution was not optimized in the negative torque area. The braking power was instead distributed 60 % to the front axle and 40 % to the rear axle to maintain vehicle stability during braking. All results were achieved with a virtual vehicle defined by the same parameters (weight, wheel radius, etc.).
FRONT: ASM, REAR: PSM
The comparison of optimized ( Figure 7 ) and initial power load distribution ( Figure 6 ) shows that the ASM motors have overall lower efficiency than the PSM. The ASM motor is used only for regenerative braking after the optimization, which shifts the operating point for the PSM toward the higher efficiency area. It would also be used for greater accelerations to support the PSM. The ASM does not have significant power losses at zero torque and thus does not have to be equipped with a clutch.
FRONT: PSM, REAR: PSM
The possibility of using a clutch to disconnect the unloaded PSM motor and thus reduce its losses was also evaluated in the case of EV topology with two PSMs (Figure 9 ). The rear motor is used only for accelerations in the optimized case with the clutch. The optimized case without a clutch (Figure 10 ) is identical with the 
FRONT: ASM, REAR: ASM
The optimized case (Figure 12 ) is proportionally very similar to the PSM/PSM case with a clutch. The resulting losses are bigger because of the poor overall efficiency of ASMs.
COMPARISON OF MOTOR ENERGY LOSSES IN THE NEDC
The green columns in Figure 13 give a comparison of relative energy losses at both traction motors in the NEDC for all topology cases. The relative potential of energy flow optimization compared to the particular base concept topologies is represented by the red columns. The optimized PSM/PSM topology with a clutch has the lowest energy losses. However, the optimized topology of ASM/ PSM would offer a good alternative choice for a cheaper price.
CONCLUSION
A dynamic model of an AWD electric vehicle was built from the library of custom MBS blocks designed in Matlab/ Simulink environment and was coupled with a function that optimizes the power load distribution between front and rear axle. Various topologies were evaluated with initial 50-50 % and optimized power load distribution in the NEDC. The results confirm that the use of an optimization function leads to lower power losses and better efficiency. The comparison of total energy losses in the NEDC shows the high efficiency of PSMs compared to ASMs, which is in good agreement with general experience. Further work should be focused on comparison of topologies with motors of different rated powers, topologies with multiple gear ratio gearboxes and topologies with three or more traction motors. The acceleration and top speed performance of particular topologies should also be evaluated.
